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Certain Raman-active vibrational modes of any material are sensitive to external stresses applied to it. The change in the frequency, intensity or polarization of the Raman scattered light as a result of the stress is usually small.
Often a rather great stress must be applied to cause a significant change in the Raman band parameters. However, where a significant spectral change in a Raman band does occur upon applying a stress, in the low strain region the change can be made to occur periodically by applying the stress periodically. If this is done and the Raman signal, which is modulated at the frequency of the applied stress, is detected phase sensitively, the resulting spectrum is a differential spectrum. This sample modulated Raman (SMR) spectrum should contain only bands for modes which are -2-sensitive to the stress applied. Furthermore, the root mean square amplitude of the differential band is related to the sensitivity of the mode to the stress.
Although modulation techniques have been applied in
Raman spectroscopy, they generally involve modulation of some characteristic of the incident or scattered light while the sample is essentially unchanged during the measurement.
Similarly, modulation techniques, in which the sample is modulated, are well known in optical reflectance, transmission and related spectroscopies.
In this paper we report the observation of sample modulated Raman (SMR) spectra of a highly oriented polymer fiber and suggest the application of the method to other systems for which SMR could provide valuable information about molecular manifestations of externally applied stress. 3 Recently we showed that the frequencies of several of the Raman bands of single crystal fibers of a polydiacetylene shift as a tensile stress is applied aloru the fiber axis, which is also the polymer-chain axis direction. These frequencies were found to vary linarly with stress in the 0-2% range. As shown in Figure 1 , shifts of up to 30 cm -were found for the v(C=C) mode. This polydiacetylene, hereinafter referred to as HDU, has the composition (R-C.-R) , where R is CgHg-NH-OCOCHg-and has the overall structure shown in Figure 2 , The HDU fibers were chosen for this work both because of the large stress-induced spectral shift of certain
of its bands and because the laser Raman spectrum is strongly resonantly enhanced.
Experimental Method
The experiment involves stressing an HDU fiber periodically and detecting the Raman signal that is modulated at the stress frequency. A schematic diagram of the experimental setup is shown in Figure 3 , and involves a fairly standard electronic arrangement for modulation spectroscopy.
The transducer makes use of a piezoelectric crystal (PZT) to convert the periodic electrical wave form into a periodic displacement (i.e., a displacement which is linearly related to the a.c. voltage) and thus to apply the periodic axial stress to the fiber. This PZT-based transducer, shown in Figure 4 , is designed to apply a maximum stress on the order of 0.1% which should thereby, cause a shift of about 2 cm -1 in the v(CHC) band and about 1 cm -1 in the v(OC) band frequency. In order to achieve this, we used a piezoelectric crystal of 2.54 cm diameter and 0.16 cm thickness having a material constant of 3.75 x 10 -8 cm/V. Using a peak-topeak driving voltage ca 1000^ across the thickness of the PZT, a change in diameter (length) of 0.01% is obtained. This was amplified by the factor 10 by a lever arrangement, which, while not necessary in principle, was more convenient in order to obtain the desired 0.1% stress than other approaches in these experiments.
As noted in Figure 3 , the signal from the oscillator of The detected and amplified signal is AI (see Figure 6 )> the difference in Raman intensities in the stressed and relaxed cycles, and is measured continuously at each frequency the monochromator passes to the detector. The fiber was given a small initial stress to length (l+äl) which is the zeropoint length. Thus, in the "stress phase" of the cycle it went to length (Ä+2AÄ) and in the "relaxed phase" to length -4 St. The approximate magnitude of AA is 4 x 10 cm. When AI is plotted versus monochromator frequency, the SMR spectrum is observed.
Results
Sample Modulated Raman Spectra. The Raman spectrum of a static stressed HDU fiber is shown in the 2070-2120 era region in Figure 5 . The SMR spectrum in the same region is shown in Figure 6 . The Raman band in this region has been 3 assigned to a vibration of the polymer backbone which is essentially a carbon-carbon triple bond stretch, v(C=C). The -6-frequency at the maximum or minimum in that cycle, and f is the frequency at which the a.c. stress is applied to the fiber.
Since the phase sensitive lock-in amplifier is locked to the frequency f and the d.c. component is rejected, only visible light modulated at frequency f is amplified and detected.
Thus, FM visible light is obtained by this method.
The intensity of the FM light has not been measured quantitatively with all fiber, source and optical parameters varied and controlled, but is high enough that these spectra were obtainable with an incident laser power of 4 mW at 632.8 nm.
The scattered light is highly polarized because of the high degree of molecular orientation in the fiber. The ability to obtain a differential spectrum with such low incident power is due to the fact that the Raman bands being studied are resonantly enhanced.
Discussion
An interpretation of the stress dependence of these Raman bands of HDU fibers has been presented previously, and need not be discussed further here. What is of interest is that the SMR spectrum is the derivative of the Raman spectrum with respect to stress on the sample. The quantitative interpretation of the SMR spectrum requires considering the way in which the magnitude of the signal from the lock-in amplifier depends on the properties of the sample (fiber) and of the optical and electronic devices used.
In order to illustrate which features dominate the SMR spectrum, we consider the problem from the interaction -«.
~---7-of the radiation with this sample to the amplification and detection of the FM light by the lock-in system. To do so, we assume first the simplest time-dependent external perturbation, a square wave, to the system, and study the resulting SMR spectrum. And, we assume that the relaxation time in the two processes (expansion of the PZT crystal and therefore of the fiber in the positive half period of the "driving" of the period the crystal contracts anc the fiber itse\ drives the whole system (lever, etc.) in such direction that the fiber attempts to reach its original length (£). Undoubtedly __ the fiber would contract very fast (ca. with the velocity of the sound in perfect crystals) if it did not have to rotate the 4 lever system, which has a mass at least 10 greater than the fiber. The result of these effects is that the SMR spectrum is distorted and unsymmetrical, and the maximum SMR signal is recorded with phase difference between driving signal and FM scattered light of approximately 13 .
Secondly, the effect of the fluorescence background is to shift the whole SMR spectrum relative to the zero signal level and broaden one of the two lobes of the SMR band. Although the SMR spectrum crosses the zero close to the frequency that corresponds to the maximum Raman signal, it doesn't cross at exactly that frequency, as would be expected if no background were present. Third, the asymmetry of the Raman band itself affects the shape of the SMR spectrum by giving rise to two unequal bands (the sharper the curve, the bigger the SMR signal).
And, finally, the imperfection of the fibers causes a broadening to the lower frequency (more shifted) side of the Raman band, and that also contributes toward increasing the asymmetry of the SMR spectrum.
The signal level is in the range l-5yV, so the resulting SMR spectrum is not noise-free. For systems with larger induced spectral shifts, or systems which can be illuminated with higher power, the differential signal will have a better signal to noise ratio. The spectrum given in Figure 7 is calculated using a square wave signal and all tho approximations mentioned above. Even though it does not coincide with the The application of SMR to polymer problems and to the study of absorbed and adsorbed species should be straightforward and productive. However, the application to materials whose morphology and moduli are such that great stresses would have to be applied to large samples will present technological problems that may not be worth solving just to obtain a single SMR spectrum when a series of static measurements would suffice. For many systems of biological and chemical interest SMR spectra may provide a useful new approach.
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4.
Diagram of the stress modulation transducer.
5.
Raman spectrum of a stressed HDU fiber in the 2100 cm" 
